Although professional society guidelines discourage use of empirical antibiotics in the treatment of asthma exacerbation, high antibiotic prescribing rates have been recorded in the United States and elsewhere.
A sthma is the most common chronic lung condition in United States, where it affects 24.6 million individuals. 1 Asthma exacerbations are responsible for 1.7 million emergency department visits, 440 000 hospitalizations, and more than $50 billion in health care expenditures each year in the United States. 1 Current guidelines for the treatment of patients hospitalized for an asthma exacerbation call for objective assessment of lung function, controlled oxygen administration, inhaled short-acting β 2 -agonist bronchodilators, and systemic corticosteroids, but several studies have documented limited adherence to these guidelines and variation in acute and chronic asthma care. 2, 3 Although recent reviews published in the Cochrane database have not found sufficient evidence in favor of antimicrobial treatment in asthma exacerbations and current guidelines recommend against routine use of antibiotic therapy, 4 inappropriate use of antibiotics has been documented in several countries including the United States. In a recent study of a large national sample, we found that nearly 49.1% of patients hospitalized for asthma received treatment with antibiotics in the absence of documentation of an indication for antibiotic therapy. 5 The evidence surrounding use of antibiotics in patients with asthma is limited. 6, 7 The most recent trial, Azithromycin Against Placebo for Acute Exacerbations of Asthma, showed no benefit of short-term treatment with azithromycin when added to a regimen of oral or intravenous corticosteroids. 7 Critics question the external validity of the trial and whether the lack of benefit was a result of the fact that patients who could have benefited from an antibiotic had already received one and were therefore not enrolled. In the absence of more definitive information from randomized clinical trials, we sought to evaluate the association between use of antibiotics when prescribed in addition to corticosteroids and outcomes among a large, representative sample of patients hospitalized for asthma exacerbation. We hypothesized that antibiotic therapy would not be associated with additional benefit.
Methods

Data Source, Setting, and Patients
We conducted a retrospective cohort study by using data collected from 543 acute care hospitals in the United States that participate in Premier Inpatient Database, an inpatient, enhanced administrative database developed for measuring health care quality and use. Participating hospitals are primarily small to medium-sized nonteaching hospitals located mostly in urban areas in all regions of the United States. In addition to the information contained in the standard hospital discharge file, such as the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes or International Statistical Classification of Diseases and Related Health Problems, Tenth Revision, Clinical Modification (ICD-10-CM) codes, hospital, and physician information, Premier includes a date-stamped log of all billed items, including medications dispensed and diagnostic tests performed. Approximately 75% of participating hospitals submit cost data; the rest submit calculated costs based on each hospital's specific cost to charge ratio. 8 The institutional review board at Baystate Medical Center, Springfield, Massachusetts, approved the study, which was not considered human subjects research because the data set does not contain any identifiable patient information. We included patients 18 years or older who were admitted to the hospital from January 1, 2015, through December 31, 2016, for a principal diagnosis of asthma or a principal diagnosis of acute respiratory failure combined with a secondary diagnosis of asthma (we used ICD-9-CM and ICD-10-CM diagnostic codes in accordance with the Centers for Medicare & Medicaid Services definition). 9 We restricted analysis to patients treated with systemic corticosteroids (oral or intravenous corticosteroids) at a dosage equivalent to 20 mg/d of prednisone, because systemic corticosteroids are recommended for patients with moderate to severe asthma exacerbation. We excluded patients with a potential indication for antibiotic therapy, including those with a secondary diagnosis of acute or chronic bronchitis, chronic obstructive pulmonary disease, emphysema, or bronchiectasis; those with a diagnosis of sinusitis, sepsis, pneumonia, urinary tract infection, or skin or soft-tissue infection present on admission; and patients with a blood or sputum culture at the time of admission. In addition, we excluded patients transferred from another acute care hospital because we did not know whether they were treated with antibiotics before arrival as well as patients transferred to another hospital because we could not ascertain their outcomes. If a patient had more than 1 eligible admission during the period of the study, we randomly selected 1 admission to avoid survival bias.
Early antibiotic treatment was defined as antibiotic therapy initiated during the first 2 days of hospitalization and prescribed for a minimum of 2 days. Antibiotics were grouped based on previously published results 4 into the following categories: macrolides, quinolones, cephalosporins, and tetracyclines. In our primary analysis, patients with antibiotic treatment started after day 2 of hospitalization were grouped with those not treated because late treatment may be a marker of patient deterioration, which can be associated with the decision to not use antibiotic therapy at the time of admission. mechanical ventilation, transfer to the intensive care unit after hospital day 2, in-hospital mortality, or readmission for asthma exacerbation within 30 days of discharge. 10 We also examined hospital cost and potential adverse effects of antibiotic use, including allergic reactions and antibiotic-associated diarrhea defined as treatment with metronidazole or oral vancomycin hydrochloride initiated after hospital day 3 or readmission within 30 days for diarrhea or Clostridium difficile infection.
Other Treatments and Patient Factors
In addition to patient demographic characteristics, primary payer, and principal diagnosis, we classified comorbidities by using the comorbidity score as described by Gagne et al. 11 The score was devised to predict mortality and 30-day readmissions and has better predictive ability than Elixhauser or Charlson scores. We also examined medications typically used in the treatment of asthma exacerbation, including short-and long-acting bronchodilators and methylxanthines, and medications used for smoking cessation therapy. We counted the number of admissions for asthma in the previous year as a proxy for asthma severity and degree of control.
Statistical Analysis
We compared the characteristics of patients with asthma who received early antibiotic therapy with those patients who did not receive antibiotics (including patients in whom antibiotics were prescribed later in the hospital stay) using absolute standardized differences; a difference greater than 10% is considered meaningful. 12 To estimate the association of antibiotic therapy with length of hospital stay, treatment failure, total cost, and other outcomes, we developed a multivariable predictive model as a function of patient, treatment, and hospital characteristics. Logit link functions were used for the treatment failure outcomes and the identity link for length of stay and cost. To further reduce the threat of confounding by indication (in which patients with the most clinically severe asthma presentations would be the most likely to receive antibiotics), we developed a propensity score for early antibiotic treatment by using all patient characteristics, early treatments, comorbidities, and selected interaction terms. We matched patients who did not receive antibiotic treatment with those with similar propensity who received antibiotics, and we carried out a conditional logistic regression analysis after accounting for the match. 13, 14 Unadjusted (accounting for clustering), covariate-adjusted, and propensity score-adjusted models for each outcome were evaluated. In addition, we used standardized mortality ratio weighting to obtain estimates of average treatment effect among treated patients. 15 To further address the threat of residual selection bias due to unmeasured confounders not addressed through propensity adjustment, we performed an instrumental variable analysis. We used a grouped-treatment approach, a form of instrumental variable analysis in which all patients treated at the same hospital are assigned a probability of treatment with an antibiotic equal to the overall treatment rate at that hospital. This grouped rate was substituted for individual patient exposure to treatment in the logistic regression model. Grouping treatment at the hospital level bypasses the issue of confounding by indication while still accounting for patient-level covariates and outcomes. 16 We performed several sensitivity analyses. First, we excluded patients in whom antibiotic therapy was initiated after day 2 of hospitalization from the nontreated group. Second, we limited the sample to nonsmokers younger than 70 years who were not treated with mechanical ventilation or admitted to the intensive care unit within 2 days of admission to further exclude patients for whom administration of antibiotics may be considered more acceptable in light of the severity of presentation and the difficulty differentiating chronic obstructive pulmonary disease from asthma. Furthermore, because macrolides were the most frequently used antibiotics, we compared the outcomes within the following 2 groups: patients treated with a macrolide alone vs those not treated with antibiotics and patients treated with a macrolide alone vs those treated with any other antibiotic.
For each model, adjusted odds ratios (ORs) for treatment failure or ratios of hospital length of stay and cost with associated 95% CIs for antibiotic treatment were calculated. All tests of significance were 2-sided. All statistical analyses were performed using SAS, version 9.4 (SAS Institute Inc). Table 1) . Median (IQR) length of stay was 3 (2-4) days; inhospital mortality occurred in 32 patients (0.2%), 237 (1.2%) of the patients were intubated after day 2, and 1104 (5.6%) experienced the combined outcome of treatment failure ( Table 2) .
Results
A total of 19 811 patients met all the inclusion criteria (eFigure in the Supplement
Overall, 8788 patients (44.4%) received antibiotics during the first 2 hospital days, and the most frequently prescribed antibiotics were macrolides (4558 They were also more likely to have a diagnosis of acute respiratory failure (12.3% vs 9.0%), to receive smoking cessation therapy (6.6% vs 5.3%), and to have comorbid diagnoses of congestive heart failure (6.2% vs 5.8%), chronic pulmonary disease (12.7% vs 9.6%), diabetes (24.7% vs 20.8%), renal failure (4.7 vs 3.8%), obesity (31.5% vs 26.6%), and depression (13.6% vs 12.4%). Of all the patients, 470 (5.4%) in the early antibiotic therapy group experienced treatment failure compared with 634 (5.8%) who did not receive early antibiotic therapy (Table 1) .
Antibiotic Treatment and Outcomes in Patients Hospitalized for an Asthma Exacerbation
Original A total of 6833 patients treated with antibiotics during the first 2 hospital days were successfully matched to patients with a similar propensity score who did not receive antibiotics by hospital day 2, and most patient characteristics were balanced. Three hundred seventy-three patients (5.5%) in the early antibiotic therapy group experienced treatment failure compared with 388 patients (5.7%) who did not receive early antibiotic therapy (P = .58), and the median (IQR) length of stay in the early antibiotic therapy group was 4 (3-5) days vs 3 (2-4) days in the untreated group (P < .001). In the early antibiotic-treated group, 98 patients (1.4%) had a diagnosis of antibiotic-associated diarrhea compared with 75 (1.1%) in the untreated group (Table 2) . Gagne score, median (IQR) There was no difference in 30-day readmissions for asthma between the groups (propensity score-matched analysis OR, 0.88; 95% CI, 0.73-1.05). The risk for antibiotic-related diarrhea was higher in the antibiotic-treated patients (adjusted OR, 1.6; 95% CI, 1.2-1.9), but the association became nonsignificant in the propensity score-matched cohort (adjusted OR, 1.34; 95% CI, 0.99-1.83). For all the above analyses, the standardized mortality ratio weighting produced similar results (not shown). Several sensitivity analyses were conducted. In the analysis that excluded patients treated with antibiotics after day 2, the results were similar to those from the primary analysis except that patients treated with antibiotics had 2.6 times greater risk of diarrhea than those not treated (OR, 2.6; 95% CI, 1.7-3.9). The main results remained consistent in the analysis restricted to nonsmokers younger than 70 years who did not have acute respiratory failure as the principal diagnosis and did not receive mechanical ventilation within 2 days of admission. b Two-sided P value for the cohort is less than .01.
c Two-sided P value for the matched cohort is less than .01. Analyses that compared patients treated with macrolides only with those not treated with antibiotics and compared those treated with macrolides with those treated with other antibiotics produced similar results in regard to treatment failure and cost. Patients treated with macrolides only were significantly less likely to have antibiotic-related diarrhea than those treated with other antibiotics (1.1% vs 2.0%; P < .001).
Discussion
In this observational study of nearly 20 000 patients hospitalized for asthma at more than 500 US hospitals, we found that, although use of antibiotics during the first 2 hospital days was common, antibiotic treatment was not associated with better patient outcomes. Instead, antibiotic treatment was associated with a longer hospital length of stay, higher hospital costs, and increased risk of antibiotic-related diarrhea. These results were consistent in multiple sensitivity analyses intended to reduce the possibility of selection bias and unmeasured confounders. These findings are novel, reflect the experience of unselected patients cared for in routine settings, and lend strong support to current guidelines that recommend against the use of antibiotics in the absence of concomitant infection. In addition, the findings highlight the need for future research to improve antimicrobial stewardship in the setting of asthma.
Evidence for the role of antibiotic treatment in patients with asthma exacerbation is limited and is derived from 6 trials of a total of 681 adults and children. 17 Most trials analyzed resolution of symptoms or measurements of lung function and did not investigate outcomes, such as the need for mechanical ventilation, readmission, or death. One trial of 278 adults with asthma exacerbation treated for 10 days with telithromycin (Telithromycin in Acute Exacerbations of Asthma [TELICAST]) found that antibiotic-treated patients had greater reduction in symptoms but no change in peak expiratory flow or other outcomes; owing to adverse effects, use of this antibiotic has been discontinued in the United States. 6 The most recent trial that compared the addition of azithromycin to standard treatment that included systemic corticosteroids (Azithromycin Against Placebo in Exacerbations of Asthma [AZALEA]) in 199 adults hospitalized for asthma did not show any benefit for symptoms. The difference in the results between the 2 trials could be related to the fact that only 34% of patients in the TELICAST study were treated with systemic corticosteroids. Our results confirm the lack of value of short-term treatment with antibiotics in addition to systemic corticosteroids in patients hospitalized for asthma exacerbation. Inappropriate use of antibiotics is a public health problem given the risk of bacterial resistance and of antibiotic-related adverse events. 18 
Limitations
Although we controlled for potential confounders and used several analytic strategies, we cannot exclude the possibility of residual confounding by indication in which antibiotics would be preferentially given to patients with higher acuity of illness. To reduce this threat, we used robust statistical analyses, including propensity score matching, standardized mortality ratio weighting, and instrumental variable analysis, the last being a strategy to specifically reduce the risk of confounding from unmeasured factors. The results of the instrumental variable analysis were consistent with those of the primary analysis, lending support to our conclusions. We also performed several sensitivity analyses, which yielded the same results. Although our study was not designed to determine the reason for increased hospital length of stay among patients treated with antibiotics, one potential explanation is that some physicians may have delayed hospital discharge until a patient completed a course of antibiotics. Another possible explanation is that the increase in mean length of stay was a function of antibiotic-related diarrhea. Because this was an observational study, we recognize that our results show an association between the hospital length of stay and antibiotic treatment and do not demonstrate causality. A second limitation is that, given the nature of our data set, we did not have access to physiological measures of disease severity, such as the results of spirometry tests or information on patient symptoms. Nevertheless, our analyses accounted for previous hospital admission and other treatments as a measure of severity and were robust in several sensitivity analyses. Third, we did not have access to previous pulmonary function test results to confirm the diagnosis of asthma or its severity. We used a set of ICD-9-CM and ICD-10-CM diagnostic codes, which are recommended by the Centers for Medicare & Medicaid Services, and we included only patients treated with oral or intravenous corticosteroids. Excluding patients with a secondary diagnosis of chronic obstructive pulmonary disease further strengthened our study, limiting the conclusions to patients for whom antibiotics were definitely not indicated. Of note, despite similar confounding by indication, an earlier study that assessed the association between antibiotic treatment and outcomes in patients hospitalized for exacerbation of chronic obstructive pulmonary disease found that antibiotic treatment was associated with better outcomes. 24 Finally, our study was restricted to inpatient events and 30-day readmission to the index hospital for patients hospitalized in the United States.
Conclusions
Among patients hospitalized for asthma exacerbation, antibiotic therapy was not associated with reduced risk of treatment failure but was associated with longer hospital length of stay, higher hospital costs, and risk of antibiotic-related diarrhea. Our results support current clinical guidelines that recommend against the use of antibiotics in the treatment of patients with asthma exacerbation. Further research is needed to develop and test deimplementation strategies to reduce inappropriate antibiotic prescribing for patients hospitalized for asthma.
